Abstract: Synthesis, characterization and biological activity of novel 4,5-diaryl/heteroaryl thiophene-2-carboxylic acid derivatives are described. Aryl/heteroaryl esters were converted to substituted thiophene esters via a Vilsmeier-Haack reaction, which were then hydrolyzed to 4,5-diaryl/heteroaryl thiophene-2-carboxylic acid derivatives 8a-h. All products were characterized by 1 H NMR, 13 C NMR, IR and MS. Antibacterial activity of the synthesized compounds against two Gram-positive and two Gram-negative bacteria, as well as their anticancer activity against PC-3 cell line (human prostate cancer cell lines) were evaluated.
Introduction
Sulfur-containing heterocycles possess diverse properties such as antibacterial [1] , antifungal [2] , anti-HIV [3] , antimicrobial [4] and antipsoriatic [5] activities. In particular, a thiophene system plays a crucial role in drug discovery of BACE1 inhibitory [6] , antibacterial [7] , anticancer [8] , antitubercular [9] , anti-inflammatory [10] and anti-HIV agents [11] . Currently, several thiophene-containing non-steroidal anti-inflammatory drugs (NSAIDs) such as tiaprofenic acid [12] (1) and tenidap [13] (2) (Figure 1 ) are used for treatment of pain and inflammatory disorders. The thiophenyl group mimics the phenyl group [14] .
According to our recent review, 3,5-disubstituted thiophene-2-carboxylic acid derivatives [15] and 2,5-disubstituted thiophene-3-carboxylic acid derivatives [16] have been synthesized and their anti-HCV and anti-TB activities evaluated. Furthermore, such derivatives have been developed as antibacterial agents [17] . However, synthesis and biological evaluation of 4,5-diaryl/heteroarylthiophene-2-carboxylic acid derivatives remain largely unexplored. In the present study, we report the synthesis of novel 4,5-diaryl/heteroarylthiophene-2-carboxylic acid derivatives through the Vilsmeier-Haack reaction, their spectral characterization and biological activity.
Initially, aromatic ketones 5a-h were obtained from 4-chlorophenylacetic acid (3) and aromatic esters 4a-h (Scheme 1). The Vilsmeier-Haack reaction is typically used for formylation of aromatic and heteroaromatic compounds [18, 19] . In this study, the ethanones 5a-h were allowed to react with phosphorus oxychloride and N,Ndimethylformamide to yield chloro acrylaldehyde derivatives 6a-h. In the next step, these products were allowed to react with ethyl mercaptoacetate in the presence of a sodium tert-butoxide to yield substituted thiophene esters 7a-h, which were then hydrolyzed to the desired products 8a-h.
Experimental
All reactions were monitored by thin-layer chromatography analysis using silica gel plates (Kieselgel 60F 254 Merck). Compounds were visualized by irradiation with UV light (254 nm) after spraying with a 10% sulfuric acid/methanol solution. Melting points were determined in open capillary tubes on a Boetius melting point apparatus and are uncorrected. The IR spectra were recorded using KBr pellets on a Bruker spectrophotometer.
1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra were obtained at room temperature on a Varian Gemini spectrometer. Mass spectra were recorded on a JEOL SX102 mass spectrometer coupled with a liquid chromatography system in electrospray time of flight (TOF) mode. Elemental analysis was performed on a Perkin Elmer CHNS elemental analyzer. The purity of compounds was determined using a reverse-phase Waters HPLC system equipped with a C18 analytical column (4.6 × 75 mm). Peaks were detected by UV absorption (254 nm) using a diode array detector.
General procedure for synthesis of compounds 5a-h
A solution of 2-(4-chlorophenyl)acetic acid (3, 1 g, 5.8 mmol) in THF (10 mL) was cooled to − 60°C and stirred for 10 min before treatment with sodium bis(trimethylsilyl)amide (NaHMDS, 2.90 g, 10 mmol) and then stirred for 1 h at − 20°C. An aryl ester 4a-h (5.8 mmol) was added and the mixture was stirred for 30 min at − 15°C and then at room temperature for an additional 30 min. The reaction progress was monitored by TLC. The reaction mass was quenched with NH 4 Cl and extracted with ethyl acetate. The product was purified by silica gel column chromatography eluting with ethyl acetate. 
2-(4-Chlorophenyl

General procedure for synthesis of compounds 6a-h
POCl 3 (0.86 g, 5.65 mmol) was added at 0°C to DMF (0.49 g, 6.78 mmol) and the mixture was allowed to warm to room temperature and stirred for 30 min. The mixture was cooled again to 0°C, treated with compound 5a-h (0.5 g, 2.26 mmol) and the resulting reaction mass was stirred for 1 h at 0°C and then at 70°C for 4 h, quenched with sodium acetate and extracted with dichloromethane. The extract was dried over sodium sulfate and concentrated. The residue of 6a-h was used for the next step without purification. As a representative example, the structure of 3-chloro-2-(4-chlorophenyl)-3-(furan-2-yl) acrylaldehyde (6a) was confirmed on the basis of the following analytical data: yield 45%; white solid; mp 203°C; 
General procedure for the preparation of compounds 7a-h
Ethyl mercaptoacetate (0.112 g, 9.3 mmol) was added at 0°C to a solution of sodium tert-butoxide (0.06 g, 9.3 mmol) in ethanol (1.5 mL) and the mixture was stirred at the same temperature for 30 min, then treated with compound 6a-h and the stirring was continued overnight followed by reflux for an additional 2 h. The reaction mass was quenched with water and extracted with dichloromethane. The extract was concentrated affording compound 7a-h that was used without further purification. As a representative example, the structure of ethyl 4-(4-chlorophenyl)- 
General procedure for hydrolysis of compounds 7a-h (preparation of 8a-h)
The ester 7a-h (0.3 g, 0.9 mmol) was dissolved in methanol (3 mL) and the solution was treated with water (0.6 mL) and solid NaOH (0.25 mol). The mixture was stirred for 3 h at ambient temperature, acidified with HCl (0.1 m), concentrated and the residue was extracted with ethyl acetate. The acid 8a-h was purified by silica gel chromatography eluting with ethyl acetate and petroleum ether. Compounds 8a-h were tested for antibacterial activity in vitro by agar well diffusion method [20] . The bacterial strains were reactivated from stock cultures by incubating the inoculated broths at 37°C for 24 h in an incubator. Final inoculums containing 10 6 colonies (1 × 10 6 CFU/mL) were added aseptically to Mueller-Hinton agar medium and poured into sterile Petri dishes. One hundred microliters of each test extract from stock concentrations (1 mg/mL) were added to the wells (8 mm) punched on agar surface. Plates were incubated in a bacterial incubator overnight at 37°C. The activity was evaluated by measuring the diameter of inhibition zone (Table 1) . Compounds 8a and 8b show considerable activity against E. coli.
4-(4-Chlorophenyl)-5-(furan-2-yl)thiophene-2-carboxylic acid (8a) Yield
4-(4-Chlorophenyl)-5-(p-tolyl)thiophene-2-carboxylic acid (8c)
Yield127.8, 127.7, 126.9, 115.3, 29.9, 23.9; IR: υ 3496.2 (OH str), 3058.4 (Ar=CH str
4-(4-Chlorophenyl)-5-(4-hydroxyphenyl)thiophene-2-carboxylic acid (8h) Yield
Anticancer activity
Cisplatin and MTT (3,4,5-dimethylthiazol-2-yl-2-5-diphenyltetrazolium bromide) were procured from Sigma Aldrich (USA). PC-3 (human prostate cancer cell line) was procured from NCCS (Pune, India). Compounds 8a-h were screened for anticancer activity following a reported protocol [21] and the results are summarized in Table 2 . The cell line was grown in the RPMI-1640 with 2 mmol L-glutamine, supplemented with 10% FBS, penicillin (100 IU/mL) and streptomycin (100 μg/mL) at 37°C in a humidified incubator with 5% CO 2 atmosphere. The cell line was passaged twice weekly for maintaining subconfluent state. MTT was used as cell viability assay [22] . Cisplatin, a known anticancer drug, was used as a reference. The treated and untreated cells were washed with PBS (phosphate buffer saline) and MTT (100 μg/mL) was added and the mixture was incubated at 37°C for 5 h. The MTT was then removed and the formazan crystals were dissolved by adding DMSO. The absorbance at 540 nm for viable cells was measured. The absorbance from the untreated cells was defined as 100% viable cells. The % viable cells were plotted (Y-axis) against concentration (X-axis). The IC 50 values was interpolated from the graph. Compounds 8c and 8h show good activity and further work is in progress. 
